Introduction
============

Pulmonary fibrosis (PF) is a heterogeneous disorder of lung interstitial tissue ([@b1-etm-0-0-7861]). The process of PF is complex and following lung injury, inflammatory cells migrate to the injured site via chemokine gradients ([@b2-etm-0-0-7861]). Recruited leukocytes release cytokines and chemokines, which increase levels of local profibrotic interleukin (IL)-13, IL-4 and transforming growth factor (TGF)-β ([@b2-etm-0-0-7861]). Subsequently, bone marrow-derived fibrocytes or resident fibroblasts proliferate and differentiate into myofibroblasts, leading to excessive extracellular matrix (ECM) synthesis, tissue reshaping and fibrotic lesions ([@b3-etm-0-0-7861]). Etiologies of PF vary and include chemicals (airborne contaminants and toxic components from the smoking), organic or inorganic dust, radiation and trauma ([@b4-etm-0-0-7861]). With persisting stimulation or failure to regulate wound repair, fibrosis can develop at any stage ([@b5-etm-0-0-7861]). Currently, idiopathic PF (IPF) is thought to be one of the most common form of PF, with median survival times of 3--5 years following diagnosis ([@b6-etm-0-0-7861]). Exploring novel and effective treatments for this condition is of great interest.

Molecular pathways engaged in PF pathogenesis have not been fully elucidated and are potentially multifactorial ([@b7-etm-0-0-7861]). Matrix metalloproteinase (MMP)2 and MMP9, also known as gelatinases, are secreted by various types of cells in the lungs ([@b4-etm-0-0-7861]). MMP2/9 are vital in digesting collagens IV/V and gelatin in the basement membrane, leading to ECM breakdown and migration of cells adherent to the interstitial ECM ([@b4-etm-0-0-7861]). In addition, imbalance of synthesis and degradation of ECM components contributes to airway remodeling in the context of PF ([@b4-etm-0-0-7861]). Furthermore, chemokine gradients are required for trafficking of circulating leukocytes and fibrocytes to the lung tissue. CXC chemokine receptor 4 (CXCR4) and its ligand 14 (CXCL14), serve a supporting role in PF development and are involved in therapeutic treatment regiments ([@b8-etm-0-0-7861],[@b9-etm-0-0-7861]). TGF-β1 is essential in promoting fibroblast-myofibroblast transformation with enhancing ECM synthesis that contributes to PF ([@b10-etm-0-0-7861]). TGF-β1 downstream signaling effects are executed by Smad2/3 ([@b11-etm-0-0-7861]). Therapeutic interventions based on these endogenous regulatory mechanisms may provide potential antifibrotic drugs or strategies to block PF.

Combination therapy is an attractive and promising method to prevent PF ([@b8-etm-0-0-7861]). Dexamethasone (Dxs) is widely used as an antifibrotic agent due to its protection of the lungs against fibrosis by inhibiting the production of inflammatory mediators ([@b9-etm-0-0-7861]). Berberine (BBR), a known non-toxic natural agent, inhibits nuclear factor-κB proinflammatory and profibrotic mediators in bleomycin (BLM)-induced PF and is used as an alternative treatment counteracting PF ([@b10-etm-0-0-7861]). Reports demonstrated that Dxs plus penehyclidine hydrochloride ([@b12-etm-0-0-7861]) or alfacalcidol ([@b13-etm-0-0-7861]) attenuate PF more effectively compared with either single treatment. However, whether Dxs plus BBR has a better therapeutic effect in PF compared with the single treatments remains unknown. In the present study, a BLM-induced rat PF model was successfully constructed. The effect of Dxs plus BBR treatment on preventing lung damage and collagen deposition at histological levels was evaluated. In addition, the combination effects of Dxs plus BBR on hydroxyproline (Hyp), CXCL14, MMP2/9 and α-smooth muscle actin (α-SMA) expression and on activation of the Smad2/3 signaling pathway were assessed. The present study suggested that the combination of Dxs with BBR presents an effective approach to prevent PF.

Materials and methods
=====================

### Preparation of PF rat model and treatments

A total of 30 male Wistar albino rats, aged 8--10 week old, weighing 180--220 g were purchased from Shanghai SIPPR-Bk Laboratory Animal Co. Ltd. The rats were acclimatized at 25°C with 12-h light/dark cycles with relative humidity between 40--70% for a week, and had free access to food and water as previously reported ([@b11-etm-0-0-7861]). Following acclimation, rats were randomly divided into control, BLM, Dxs, BBR and Dxs plus BBR groups (n=6/group). PF was established through a single endotracheal injection of BLM (5 mg/kg; Zhejiang Hisun Pharmaceutical Co., Ltd.) in all groups except the control ([@b11-etm-0-0-7861]). Following 24 h, Dxs, BBR and Dxs plus BBR preventive groups were administered Dxs (3 mg/kg/day, Sigma Chemical Co.; Merck KGaA) ([@b12-etm-0-0-7861]), BBR (200 mg/kg/day, Aladdin Reagent Co., Ltd.) ([@b11-etm-0-0-7861]) or Dxs (3 mg/kg/day) plus BBR (200 mg/kg/day), respectively, by intraperitoneal injection for 14 successive days. The control and BLM groups were simultaneously treated with saline (2 ml/kg/day).

To study the involvement of the hedgehog (Hh) signaling pathway in the effect of Dxs and BBR treatment, another three groups of rats were randomly divided into BLM, Dxs plus BBR and Dxs+BBR+purmorphamine groups (n=6/group) without a separate untreated control or a purmorphamine control. The BLM and Dxs plus BBR groups were established as mentioned above. Animals of the Dxs+BBR+purmorphamine group were BLM-induced and then intraperitoneally injected with Dxs (3 mg/kg/day) ([@b12-etm-0-0-7861]), BBR (200 mg/kg/day) ([@b11-etm-0-0-7861]) and purmorphamine (0.69 mg/kg/day, Aladdin Reagent Co., Ltd.) ([@b14-etm-0-0-7861]) for 14 consecutive days. Rats were euthanized with an overdose of pentobarbital (200 mg/kg) and lung tissues were collected, prepared for histology evaluation and/or stored at −80°C for western blot analysis.

### Histology evaluation

The lung tissues from all rats were collected, routinely fixed in 10% buffered formalin at 4°C for 48 h, dehydrated in a graded ethanol series (50, 70, 85, 95 and 100%), cleared in xylene and embedded in paraffin. Sections of 4-µm thickness were cut then deparaffinized. Hematoxylin and eosin (H&E) staining was performed to observe histological changes. Briefly, the lung sections were stained with eosin (cat. no. 714094; BASO Diagnostic, Inc.) for 1 min at room temperature, rinsed with running water for 15 min and then dyed with hematoxylin (cat. no. 714094; BASO Diagnostic, Inc.) for 5 min at room temperature eosin another. Masson\'s trichrome staining was performed using Masson\'s trichrome kits (Beijing Leagene Biotechnology Co., Ltd.) to measure the density of collagen fibers according to the manufacturer\' instruction. The degree of lung fibrosis was assessed by infiltration of inflammatory cells, thickness of the alveolar walls and severity of the collagen deposition. Histology evaluation and Masson\'s trichrome staining were performed with the same tissue positioning. Images of H&E and Masson\'s trichrome staining were obtained in the same field of vision and obtained using a light microscope (Eclipse Ni-E; Nikon Corporation) under ×200 magnification. For each lung tissue section, three fields were randomly selected for imaging.

### Hydroxyproline (Hyp) assessment

Lung tissue samples (30--100 mg wet weight) were lysed in radioimmunoprecipitation assay lysis buffer (JRDUN Bio. Co., Ltd.) at 4°C for 30 min. The lysates were centrifuged at 3,500 × g at 4°C for 10 min, and total protein levels in the supernatants were quantified using the BCA Protein assay kit (cat. no. PICPI23223; Thermo Fisher Scientific, Inc.). Hyp content in lung tissue extract was evaluated using a hydroxyproline assay kit (cat. no. A030-2; Nanjing Jiancheng Bioengineering Institute) according to the manufacturer\'s instructions and calculated using a microtiter plate reader (BioTek Instruments, Inc.) at a wavelength of 550 nm.

### Enzyme-linked immunosorbent (ELISA) analysis

On days 3, 7 and 14, rats were anesthetized with 10% of chloral hydrate (400 mg/kg body weight; intraperitoneal injection; Sinopharm Chemical Reagent Co., Ltd.). No signs of peritonitis were observed. Blood samples were extracted from the eyes then centrifuged at 3,000 × g at 4°C for 5 min to separate the serum. ELISA was conducted to assess serum CXCL14, collagen I, collagen III, MMP2 and MMP9 content according to the manufacturer\'s protocols (Xin-Yu Biotechnology Pharmaceutical Co., Ltd.). The absorbance value (at 450 nm) was recorded using a microplate reader (Bio-Rad Laboratories, Inc.). The catalogue numbers of ELISA kits used to quantify CXCL14, collagen I, collagen III, MMP2 and MMP9 were EK-3394, xyH142, xyH144, xy-1706E and bsk00125, respectively.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

Total RNA from lung tissues was obtained using TRIzol reagent (cat. no. 1596-026; Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was obtained using the RevertAid First Stand cDNA Synthesis kit (cat. no. \#K1622; Fermentas; Thermo Fisher Scientific, Inc.) with following conditions for 60 min, 85 for 5 min then 4°C for 5 min. The prepared cDNA was stored at −20°C and used for the next step. qPCR was conducted using the SYBR Green mix (cat. no. \#K0223; Thermo Fisher Scientific, Inc.). GAPDH was used as endogenous control. Primer sequences were as follows: CXCL14 (83 bp), forward, 5′-AGTGTAAGTGTTCCCGGAAGG-3′ and reverse, 5′-GCAGTGTGGGTACTTTGGCTT-3′; CXCR4 (125 bp), forward, 5′-GAAGTGGGGTCTGGAGACTAT-3′ and reverse, 5′-TTGCCGACTATGCCAGTCAAG-3′; collagen I (178 bp), forward, 5′-GCTGACCTTCCTGCGCCTAATG-3′ and reverse, 5′-GGTGCTGTAGGTGAAGCGACTG-3′; collagen III (234 bp), forward, 5′-ATGCCCACAGCCTTCTAC-3′ and reverse, 5′-CCCACTCCAGACTTGACATC-3′; α-SMA (104 bp), forward, 5′-CCCAGACATCAGGGAGTAATGG-3′ and reverse, 5′-TCTATCGGATACTTCAGCGTCA-3′; MMP2 (117 bp), forward, 5′-ATGCCATCCCTGATAACC-3′ and reverse, 5′-ACTTCACGCTCTTGAGAC-3′; MMP9 (203 bp), forward, 5′-AGGGAGATGCCCATTTCG-3′ and reverse, 5′-GCCGTCCTTATCGTAGTCAG-3′; and GAPDH (197 bp), forward, 5′-CTGCCCAGAACATCATCC-3′ and reverse, 5′-CTCAGATGCCTGCTTCAC-3′. The amplification condition were as follows: 95°C for 10 min; 40 cycles of 95 °C for 15 sec, 60°C for 45 sec and then 95°C for 15 sec. The 2^−∆∆Cq^ method was used for relative quantification ([@b15-etm-0-0-7861]).

### Western blot analysis

Lung tissue samples were homogenized using radioimmunoprecipitation assay buffer (cat. no. R0010; Beijing Solarbio Science & Technology Co., Ltd.) and centrifuged (12,000 × g; 10 min; 4°C). Total protein contents were quantified using a bicinchoninic acid protein assay kit (cat. no. PICPI23223; Thermo Fisher Scientific, Inc.). Western blotting was performed as previously described ([@b11-etm-0-0-7861]). Briefly, 25 µg of total protein were loaded per lane and isolated on 15% SDS-PAGE, then transferred onto nitrocellulose (NC) membranes (cat. no. HATF00010; EMD Millipore). Following blocking with 5% nonfat milk in TBST buffer (50 mM Tris \[pH 7.4\], 100 mM NaCl, 0.1% Tween-20) for 1 h at 25°C, NC membranes were incubated with the primary antibodies. Antibodies were diluted in blocking solution (5% nonfat milk) prior to use. The following antibodies were used: Anti-CXCR4 (1:2,000; cat. no. Ab181020), anti-CXCL14 (1:1,000; cat. no. Ab137541), anti-MMP2 (1:2,000; cat. no. Ab37150), anti-MMP9 (1:2,000; cat. no. Ab38898), anti-collagen I (1:1,000; cat. no. Ab6308), anti-collagen III (1:1,000; cat. no. Ab7778), anti-α-SMA (1:300; cat. no. Ab5694) and anti-phosphorylated (p)-Smad2/3 (1:500; cat. no. Ab63399; all Abcam); and anti-Smad2/3 (1:1,000; cat. no. \#8685) and anti-GAPDH (1:2,000; cat. no. \#5174; all Cell Signaling Technology, Inc.) at 4°C overnight. Next membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:1,000; cat. nos. A0208, A0181 and A0216; Beyotime Institute for Biotechnology) for 1 h at 25°C. Bands were visualized and quantified using an enhanced chemiluminescence system (Amersham; GE Healthcare). GAPDH served as internal control and Smad2/3 was used in the evaluation of the phosphorylation of Smad2/3. Predicted band sizes for collagen I, collagen III, CXCR4, CXCL14, MMP2, MMP9, α-SMA, p-Smad2/3, Smad2/3 and GAPDH were 130, 138, 39, 13, 72, 89, 42, 48, 53 and 37 kDa, respectively and the molecular weights were 133, 140, 44, 14, 72, 92, 41, 47, 54 and 36 kDa, respectively. Band density was quantified with ImageJ software version 1.7 (National Institutes of Health).

### Statistical analysis

Each experiment was independently performed ≥3 times. Data are presented as the mean ± standard error of the mean. Student\'s t-test was used to compare two groups and one-way analysis of variance with post-hoc Tukey\'s test was used to compare multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Dxs plus BBR attenuates BLM-induced histological changes

Histological changes in lung tissues were analyzed by H&E staining. As presented in [Fig. 1](#f1-etm-0-0-7861){ref-type="fig"}, the BLM-treated group exhibited marked morphologic changes compared with the control, including: i) Serious inflammatory infiltration, with fibroblasts in the lung interstitium; ii) extensive collapsed alveoli, a disappearing alveolar space and abundant cord-type fibrous tissues; and iii) a thickened alveolar interval and increased pulmonary interstitial substances. Dxs or BBR treatment decreased BLM-induced lung damage as follows: i) Decreased phagocytic infiltration and inflammatory cells, and proliferated fibroblasts observed in the lung interstitium; ii) fewer damaged alveoli; and iii) slightly thickened alveolar spacing and less pulmonary interstitial accumulation. Effects of Dxs plus BBR were better compared with Dxs or BBR treatment alone. Pulmonary damage was markedly reduced to normal levels, demonstrating that the combination of Dxs and BBR presented more effective in inhibiting PF at a histological level.

### Dxs plus BBR reduces collagen deposition and Hyp content

Using Masson\'s staining ([Fig. 2](#f2-etm-0-0-7861){ref-type="fig"}), it was evident that BLM (highlighted by square area) induced severe collagen deposition and alveolar thickening in lung tissues compared with the control. Dxs or BBR treatment markedly inhibited collagen deposition when compared with the BLM group. No differences in collagen deposition were observed between the control and the Dxs plus BBR groups.

Hyp content in the lung tissues, a representative marker for collagen deposition, was further measured. As summarized in [Fig. 3](#f3-etm-0-0-7861){ref-type="fig"}, BLM significantly increased Hyp levels compared with the control (P\<0.01). Dxs or BBR treatment had a beneficial outcome, significantly reducing the Hyp levels compared with the BLM group (P\<0.01). These observations are in line with the Masson\'s analysis. Combination of Dxs and BBR induced a significantly greater inhibitory effect on collagen accumulation compared with Dxs or BBR single treatment (P\<0.01).

### Dxs plus BBR reduces levels of fibrogenesis-associated makers

To assess the antifibrotic effect of Dxs plus BBR treatment at molecular level, collagen I/III and differentiation-dependent α-SMA levels in serum and lung tissues were measured. p-Smad2/3 was further evaluated via measuring the ratio of p-Smad2/3: Total Smad2/3 levels. As presented in [Fig. 4](#f4-etm-0-0-7861){ref-type="fig"}, BLM significantly increased collagen I/III, α-SMA and p-Smad2/3 levels compared with the control (P\<0.01). This effect was significantly alleviated by Dxs or BBR single treatment (P\<0.01). No significant differences in decreasing fibrogenesis-associated markers were observed between Dxs and BBR single treatment groups. Dxs plus BBR treatment significantly decreased collagen I/III (all P\<0.05, except for serum collagen I at day 3), α-SMA (P\<0.05) and p-Smad2/3 (P\<0.01) levels compared with the Dxs or BBR groups. The data suggest that Dxs plus BBR was effective in preventing BLM-induced PF at molecular levels and Smad2/3 signaling pathway activation served a role in this process.

### Dxs plus BBR inhibits MMP2/9 expression

To study whether MMP2/9 are involved in the antifibrotic effect of Dxs plus BBR in BLM-treated rats, MMP2/9 expression was measured. ELISA assessment revealed that BLM significantly increased serum MMP2/9 levels in a time-dependent manner, with the highest increase observed on day 14 (P\<0.01; [Fig. 5A and B](#f5-etm-0-0-7861){ref-type="fig"}). RT-qPCR and western blot analyses were conducted to assess MMP2/9 mRNA and protein expression in lung tissues on day 14, respectively. It was observed that Dxs or BBR treatment significantly decreased MMP2/9 mRNA and protein levels compared with the BLM group (P\<0.01). Dxs plus BBR treatment revealed to further significantly reduce MMP2/9 levels in serum or lung tissues compared with the Dxs and BBR single treatment groups ([Fig. 5C-E](#f5-etm-0-0-7861){ref-type="fig"}).

### Dxs plus BBR inhibits CXCL14 expression

To study whether CXCL14 was involved in the antifibrotic effect of Dxs plus BBR treatment, serum protein and lung tissue mRNA and protein levels of CXCL14 and CXCR4 were measured. As presented in [Fig. 6A](#f6-etm-0-0-7861){ref-type="fig"}, a time-dependent increase in serum CXCL14 and CXCR4 levels was observed for the BLM group compared with the control (P\<0.01), with the highest increase measured on day 14. BLM further significantly elevated CXCL14 and CXCR4 mRNA and protein levels in lung tissues on day 14 compared with the control group (P\<0.01; [Fig. 6B-D](#f6-etm-0-0-7861){ref-type="fig"}). Dxs or BBR treatment significantly decreased CXCL14 and CXCR4 levels in all samples compared with the BLM group (P\<0.05). No marked differences were observed between these groups. In the Dxs plus BBR group, CXCL14 and CXCR4 levels in the serum and lung tissue were significantly lower compared with the Dxs and BBR single treatment groups (P\<0.05).

### Dxs plus BBR affects the Hh signaling pathway

To study whether the Hh signaling pathway was involved in the effect of Dxs plus BBR treatment, BLM-induced rats with PF were intraperitoneally injected with Dxs+BBR+purmorphamine and on day 14, CXCL14 mRNA and protein expression and Hyp content in lung tissues were assessed. Purmorphamine is used in Hh signaling pathway activation ([@b14-etm-0-0-7861]). It was observed that purmorphamine significantly enhanced CXCL14 mRNA, CXCL14 protein and Hyp levels in lung tissues compared with the Dxs plus BBR group (P\<0.01; [Fig. 6E-G](#f6-etm-0-0-7861){ref-type="fig"}). The data suggested that inhibiting the Hh signaling pathway may be the primary mechanism by which Dxs plus BBR affect BLM-induced PF in rats.

Discussion
==========

The BLM-induced PF model is widely used for diagnosing and treating PF and helping to explore underlying mechanisms ([@b16-etm-0-0-7861]). Treating rats with BLM via endotracheal injection caused a gradual increase of alveolar inflammation. On day 7, inflammation started to increase, proliferation of fibroblasts was promoted and collagen production was increased. On day 14, the alveolar structure disappeared and collagen was widely deposited, exhibiting first pathological indicators of PF. Hyp serves as one of the main components in collagen ([@b17-etm-0-0-7861]). Hyp is used to assess presence and extent of collagen deposition and is an accepted indicator for predicting drug efficacy in PF treatment ([@b18-etm-0-0-7861]). In the present study, a histological examination, Masson\'s trichrome staining and Hyp content in lung tissues were used to assess the rat PF model and its response to Dxs and BBR treatment on day 14. With Dxs or BBR intervention, lung damage and increases in Hyp content induced by BLM were markedly alleviated, confirming antifibrotic effects of BBR and Dxs at a histological level, which was in agreement with previous studies ([@b10-etm-0-0-7861],[@b19-etm-0-0-7861]). Combination of BBR and Dxs intervention exhibited stronger effects compared with the single intervention groups and lung damage and collagen deposition were reduced to a level similar to the control group. The results demonstrated that BBR plus Dxs treatment was an effective strategy to prevent PF.

The degree of PF was further assessed at molecular levels. Dxs or BBR were reported to prevent the Smad2/3 signaling pathway activation, which is a major determinant mechanism in promoting PF ([@b11-etm-0-0-7861]). Myofibroblast-derived collagen I/III and α-SMA account for the provisional ECM accumulation ([@b2-etm-0-0-7861]). In the present study, it was assessed whether collagen I/III and α-SMA were involved in the cooperative effect of BBR and Dxs treatment in regulating collagen deposition in the BLM-induced rat PF model and Smad2/3 signaling pathway activation was determined. A successful construction of a PF model was confirmed by severe collagen deposition and Smad2/3 signaling pathway activation in the BLM group, demonstrated by significant increases of collagen I/III, α-SMA and p-Smad2/3 levels. The present study further confirmed inhibitory effect of BBR or Dxs single treatment on the expression of these fibrotic makers. However, with BBR plus Dxs treatment, collagen I/III, α-SMA and p-Smad2/3 levels significantly decreased further compared with the single treatments. The results demonstrated that the anti-fibrotic effect of BBR plus Dxs on BLM-induced PF were significantly enhanced when compared with BBR or Dxs alone with inhibition of Smad2/3 signaling pathway activation potentially the underlying mechanism.

In a literature reported BLM-induced PF model, overall MMP2/9 expression in lung tissue determined by immunohistochemistry increases, with a peak on day 4 and decreases following day 7, with distinctly higher levels observed until day 14 ([@b20-etm-0-0-7861]). In the present study, the levels of MMPs in serum and lung tissue was measured on day 3, 7 and 14 using ELISA and western bolt. By contrast, data demonstrated a time-dependent increase in MMPs in both serum and lung tissue of BLM-induced PF ([Fig. 5](#f5-etm-0-0-7861){ref-type="fig"}). Dxs inhibits MMP2/9 expression in human lung cancer cells ([@b21-etm-0-0-7861]). Berberine (BBR) has further been reported to exhibit inhibitory effects on MMP2/9 in human airway smooth muscle HASMCs cells ([@b22-etm-0-0-7861]), breast cancer cells ([@b23-etm-0-0-7861]) and lung cancer A549 cells ([@b23-etm-0-0-7861]). However, data on the roles of BBR, Dxs or BBR plus Dxs in regulating MMP2/9 expression in BLM-treated rats are scarce. Findings of the current study suggested that with BBR or Dxs treatment, MMP2/9 levels were significantly reduced compared with the BLM group; however, the inhibitory effect was further significantly increased using combination treatment of BBR and Dxs. The results demonstrated an involvement of MMP2/9 in the prevention of PF. To further verify the activity of MMP2/9, a gelatin zymography assay may be performed in the future to measure levels of active and latent MMP2/9.

CXCL14 is upregulated during PF ([@b24-etm-0-0-7861]). Our previous study revealed that eliminating CXCL14 expression provides a therapeutic strategy for preventing mouse L929 fibroblasts from undergoing fibrogenesis ([@b25-etm-0-0-7861]). However, whether CXCL14 was involved in the anti-fibrotic effect of BBR or Dxs treatment, remains unknown. Data from the present study revealed that Dxs or BBR single treatment significantly reduced the levels of CXCL14 and its receptor CXCR4 compared with the BLM group. The combined used of BBR and Dxs induced significant decreases of CXCL14 and CXCR4 compared with the single treatment groups. This demonstrated an involvement of CXCL14 in the effectiveness of the combination treatment.

Activation of the Hh signaling pathway accelerates PF development and circulating CXCL14 has been used as a biomarker in assessing Hh signaling pathway activation ([@b26-etm-0-0-7861]). The current study further evaluated whether the Hh signaling pathway was involved in the antifibrotic function of Dxs plus BBR in the BLM-induced rat PF model. Data suggested that purmorphamine, an Hh signaling pathway activator, enhanced CXCL14 expression in the Dxs plus BBR group, indicating an activation of the Hh signaling pathway in the treatment process. In addition, it was observed that purmorphamine worsened rat PF in the BBR plus Dxs treatment group, as demonstrated by significantly increased Hyp content in lung tissues. The results suggested that Dxs plus BBR acted via the Hh signaling pathway to exert its antifibrotic effects in BLM-induced rat PF.

In conclusion, the results of the present study suggested that the combination of BBR and Dxs may have a cooperative effect on preventing BLM-induced rat PF. The antifibrotic mechanisms of BBR plus Dxs included downregulating MMP2/9 and CXCL14 levels and interrupting Smad2/3 and Hh signaling pathway activation. Dxs combined with BBR may represent an effective therapy to treat human PF.
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![Histological evaluation of lung tissues from a rat model with pulmonary fibrosis. Hematoxylin and eosin staining was performed on tissue sections of control animals, BLM-induced rats with PF and BLM-induced animals treated with Dxs, BBR or Dxs plus BBR and sections were viewed using a light microscope (magnification, ×200). Control group represents normal lung tissue with thin lined alveolar septa and well-architected alveolar space (the square area). BLM treatment induced distorted lung morphologies, including collapsed alveolar spaces with inflammatory exudates (i and ii) and wider and thicker alveolar intervals (iii). Dxs and BBR treatment improved lung damage, exhibiting fewer inflammatory infiltrations (i and ii) and less alveolar thickening (iii). Dxs plus BBR treatment left lung tissues comparable to the control. BLM, bleomycin; Dxs, dexamethasone; BBR, berberine.](etm-18-04-2385-g00){#f1-etm-0-0-7861}

![Collagen assessment via Masson\'s trichrome staining in lung tissues from a rat model with pulmonary fibrosis. Staining was performed on tissue sections of control animals, BLM-induced rats with PF and BLM-induced animals treated with Dxs, BBR or Dxs plus BBR and sections were viewed using a light microscope (magnification, ×200). Collagen was dyed blue while muscle actin was red. Control and Dxs plus BBR exhibited minimal collagen accumulation in lung tissues. The BLM group demonstrated dense depositions of collagen and few muscle actin with the square area highlighting enhanced alveolar thickening with considerable collagen. The effects were alleviated with Dxs or BBR treatment. BLM, bleomycin; Dxs, dexamethasone; BBR, berberine.](etm-18-04-2385-g01){#f2-etm-0-0-7861}

![Quantitative analysis of Hyp levels in lung tissues from a rat model with pulmonary fibrosis. Hyp levels in control animals, BLM-induced rats with PF and BLM-induced animals treated with Dxs, BBR or Dxs plus BBR were determined following 14 days of treatment. \*\*P\<0.01 vs. control; ^\#\#^P\<0.01 vs. BLM; ^\$\$^P\<0.01 vs. Dxs; and ^&&^P\<0.01 vs. BBR. BLM, bleomycin; Dxs, dexamethasone; BBR, berberine; Hyp, hydroxyproline.](etm-18-04-2385-g02){#f3-etm-0-0-7861}

![Regulation of fibrogenesis-associated markers in a rat model with pulmonary fibrosis. A rat model was established, including control animals, BLM-induced PF rats and BLM-induced animals treated with Dxs, BBR or Dxs plus BBR. (A) Collagen I and (B) collagen III serum levels assessed by ELISA on days 3, 7 and 14 of treatment. Western blot (C) images and (D) quantitative analysis of lung tissues on day 14 evaluating collagen I/III, α-SMA, p-Smad2/3, Smad2/3 and GAPDH. (E) Reverse transcription-qualitative polymerase chain reaction analysis of collagen I/III and α-SMA in lung tissues on day 14. GAPDH served as internal control for collagen I/III, α-SMA and Smd2/3. Smd2/3 served as internal control for p-Smad2/3. \*\*P\<0.01 vs. Control; ^\#\#^P\<0.01 vs. BLM; ^\$^P\<0.05 and ^\$\$^P\<0.01 vs. Dxs; and ^&^P\<0.05 and ^&&^P\<0.01 vs. BBR. BLM, bleomycin; Dxs, dexamethasone; BBR, berberine; SMA, smooth muscle actin; p-, phosphorylated.](etm-18-04-2385-g03){#f4-etm-0-0-7861}

![Regulation of MMP2 and MMP9 in a rat model with pulmonary fibrosis. A rat model was established, including control animals, BLM-induced PF rats and BLM-induced animals treated with Dxs, BBR or Dxs plus BBR. (A) MMP2 and (B) MMP9 serum levels assessed by ELISA on days 3, 7 and 14. (C) Reverse transcription-qualitative polymerase chain reaction analysis, (D) representative western blot images and (E) quantified western blot results of MMP2 and MMP9 in lung tissues on day. GAPDH served as internal control. \*\*P\<0.01 vs. Control; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. BLM; ^\$^P\<0.05 vs. Dxs; and ^&^P\<0.05 vs. BBR. BLM, bleomycin; Dxs, dexamethasone; BBR, berberine; MMP, matrix metalloproteinase.](etm-18-04-2385-g04){#f5-etm-0-0-7861}

![Regulation of CXCL14 in a rat model with pulmonary fibrosis. A rat model was established, including control animals, BLM-induced PF rats and BLM-induced animals treated with Dxs, BBR or Dxs plus BBR. (A) CXCL14 serum levels assessed by ELISA on days 3, 7 and 14. (B) Reverse transcription-qualitative polymerase chain reaction analysis, (C and D) western blot bands and quantification for CXCL14 and CXCR4 in lung tissues on day 14. For the assessment of hedgehog signaling pathway activation, BLM-induced PF rats were treated with Dxs plus BBR or Dxs+BBR+purmorphamine. (E) Reverse transcription-qualitative polymerase chain reaction analysis, (F) western blot images and quantification, and (G) Hyp levels in lung tissues on day 14. \*\*P\<0.01 vs. Control; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. BLM; ^\$^P\<0.05 and ^\$\$^P\<0.01 vs. Dxs; ^&^P\<0.05 and ^&&^P\<0.01 vs. BBR; ^@@^P\<0.01 vs. Dxs+BBR. BLM, bleomycin; Dxs, dexamethasone; BBR, berberine; CXC, C-X-C motif; R, receptor; L, ligand; Hyp, hydroxyproline.](etm-18-04-2385-g05){#f6-etm-0-0-7861}
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